Increased power density in modern microelectronics has led to thermal management challenges which can cause degradation in performance and reliability. In many high-power electronic 
Introduction
The isolation of stable, two-dimensional (2D) crystals [1] began a revolution in condensed matter physics and materials science. Graphene, a 2D material made up of a single layer up to a few layers of sp 2 bonded carbon atoms, has attracted considerable interest because of its high intrinsic carrier mobility, mechanical strength, thermal conductivity, and optical transparency [2] .
Graphene can be stacked with other 2D materials such as insulating hexagonal boron nitride (h- . Heat dissipation from atomically-thin 2D layers is limited by interfacial transport [10] and makes them an ideal material system for the study of interfacial thermal transport. A fundamental understanding of phonon transport and estimation of the thermal boundary conductance (TBC), also known as Kapitza conductance [11] , at the interfaces in 2D material heterostructures is critical to the design process for improving heat dissipation in these devices. Nevertheless, thermal transport across the interfaces in van der Waals heterostructures is still not well understood but is required to keep the device temperature below threshold and enable energy efficient operation.
Also, interface quality can vary from sample to sample and across samples based on preparation method making it difficult to obtain an intrinsic measurement. Ultimately, proper control and characterization of the thermal interfaces in layered heterostructures is crucial for practical device applications.
The 
Experiments and Modeling
Single layer graphene (SLG), with some bilayer islands, and few-layer h-BN grown on Cu foil using separate chemical vapor deposition (CVD) processes [7a] were transferred to the surface of 300 nm thermally-grown SiO2 (measured using a Nanometrics Nanospec 3000 reflectometer) using a poly(methyl methacrylate) (PMMA) polymer support. Prior to transfer to SiO2, the underlying Cu foil was etched in FeCl3, and, following transfer, the PMMA was dissolved in acetone and isopropyl alcohol. Finally, the samples were annealed at 300°C in vacuum (5-10 mTorr) to remove residual PMMA [13] and improve conformity to the substrate [14] . Raman spectroscopy data was acquired using a Renishaw InVia Raman microscope with 180° backscattering geometry and 488 nm Ar + laser focused using a 50x objective lens (NA=0.5). Xray photoelectron spectroscopy (XPS) was performed using a Thermo Scientific K-Alpha + spectrometer with an Al Kα monochromatic X-ray source (1486.6 eV). In preparation for thermal measurements, the samples were simultaneously coated with Au (3 nm Ti adhesion layer) using electron-beam evaporation to serve as a thermal transducer. Schmidt et al. [15] showed that inclusion of 5 nm Ti adhesion layer nearly doubled the TBC at Al-graphite interface. Therefore, the interfaces considered here are Ti/G/SiO2 or Ti/h-BN/SiO2 despite Au layer as the thermal transducer. The sample geometries used in this study are shown in Figure 1 . The actual film thickness of 77 nm ( Figure 1 ) was measured on co-deposited glass slide using a Veeco Dimension 3100 Atomic Force Microscope in tapping mode.
TDTR has become a widely used technique to measure the thermal conductivity of thin films and substrates as well as TBC [16] . Briefly, TDTR is pump-probe optical technique which uses a modulated laser beam (pump) to heat the surface of a sample and an unmodulated beam (probe) to measure the change in optical reflectivity of the surface. Modulation of the pump beam allows the signal to be measured using lock-in amplification. The experimental data is fit to a thermal model [17] in order to extract the thermal properties of interest. In the two-color TDTR setup used in this study, described previously [18] , the output of a Spectra Physics Ti:Sapphire (λ=800 nm, 40 nJ/pulse) laser with ~150 fs pulse width and a repetition rate of ~80 MHz is split into two beam paths (pump and probe) where the pump beam is modulated at a frequency of 8.8
MHz then frequency doubled using a BiBO crystal. The pump and probe strike the surface concentrically at a normal angle of incidence and are focused to 1/e 2 radii of ~5 and ~3 µm, respectively, using pump and probe powers of 10 and 4 mW, respectively. The arrival time of the probe is delayed up to 5 ns relative to the pump by adjusting its optical length using a double-pass mechanical delay stage to map the decay of the thermoreflectance signal. Monte Carlo (MC)
simulations were used to determine uncertainties associated with TBC estimation.
The original derivation of the DMM presented by Swartz and Pohl [11b] assumed diffuse, elastic scattering of phonons at the interface of two materials. A later study by Stoner and Maris [19] showed that the elastic assumption under predicts the TBC compared to experimental measurements. More recent work has taken into account phonon dispersion [20] , interfacial mixing [21] , surface roughness [22] , and inelastic scattering [23] with varying amounts of success.
Nevertheless, the DMM remains a useful tool for capturing trends in the phonon transmission across interfaces and because of its simple implementation. For small Δ , the TBC approaches
where, under the diffuse assumption [11b], 34 = 4 ( 3 + 4 ) ⁄ , is the transmission coefficient from material 1 to material 2 and the incident phonon irradiation, (W/m 2 ), an analog to photon irradiation [24] , from a 3D isotropic solid is given by the relationship,
where is angular frequency, > is the phonon group velocity, is the Bose-Einstein distribution is necessary when working in terms of local equivalent equilibrium temperature [26] .
An isotropic Debye dispersion (i.e., = ) is generally assumed and may be valid for
Ti, but this assumption is not acceptable in the highly anisotropic, 2D graphene and h-BN. Duda et al. [27] accounted for this anisotropy and calculated TBC at a metal/graphite interface by using an effective 2D Debye density of states, 4i,cjj ( ) = (2 4 ) ⁄ , where is the interlayer spacing for graphite. More recently, Chen et al. [28] showed this 2D DMM model greatly overpredicts the TBC and presented a new DMM model using an anisotropic Debye dispersion 
where i,> is the Debye temperature (ℏ i,> O ⁄ ). We use the values from Table 1 to estimate i,> . The first term in Equation (3) is identical to Equation (1) from the original DMM. The metal/graphite TBC results by Chen et al. [28] showed the model still overpredicts the TBC at metal/graphite interfaces when compared to experiments [15] .
An update to the A-DMM reported by Li et al. [30] attempts to resolve any discrepancy caused by input parameters. While Chen et al. [28] used the "secant" method (i.e., the slope of secant line connecting the Γ point to the end of the FBZ) to estimate phonon velocity of each branch, this method greatly overpredicts the phonon velocity of the flexural (ZA) branch found in graphite and other layered materials like h-BN. Li et al. [30] instead utilizes the elastic constants to predict the phonon velocities and, cleverly employs a piecewise (PW) linear approximation for the ZA branch specifically. The PW linear approximation is a more accurate representation of the ZA branch because at small wavevector, the ZA branch varies as 4 which differs from TA and LA branches which vary as [31] . We refer to this model as PW anisotropic DMM (PWA-DMM).
In addition, the cutoff frequencies are determined from the real phonon dispersion as opposed to the real lattice to ensure the correct number of acoustic modes [28] . We implement both models here to calculate the TBC at Ti/G, Ti/ h-BN, and h-BN/G interfaces.
Results and Discussion
The optical microscope image in Figure 1d shows a 1x1 mm 2 area of SiO2 coated with mostly SLG and h-BN. Figure 3 shows the Raman spectra from the sample used in this study. The graphene sample (Fig. 2a) with G peak at 1592 cm -1 (E2g mode near the Γ point) and 2D peak 2703 cm -1 (A1g mode near the Κ point) [32] and intensity ratio I(2D)/I(G) ≈ 2.2 [33] shows our sample is single-layer; however, the shift in peak positions and reduced I(2D)/I(G) ratio suggests some p-type doping [34] previously attributed to residual PMMA [35] . The D peak at 1356 cm -1 arises from disorder in the graphene layer. Figure 2b shows the peak in h-BN Raman spectrum blue-shifted to ~1370 cm -1 , corresponding to the in-plane E2g mode, compared to the characteristic peak at ~1366 cm -1 for bulk h-BN [36] . This shift could be caused by stress in the film resulting Phonon velocities were calculated using the elastic constants for Ti [29] , graphite [45] , and h-BN [46] . The cutoff frequencies for each branch were determined from the published dispersion relations [31, 47] , and the Debye temperature for each branch corresponds to these frequencies.
We follow Chen et al. [28] and determine the cutoff wavevectors using the relationship mn 4 o = 6 4 ⁄ and the anisotropy ratio of the real lattice ensuring the correct number of acoustic modes.
We also unfold the dispersion relation along -axis because of the relatively high velocity of optical modes in that direction. Input parameters for both models are listed in Table 1 , where mn,4 , mn,3 , and mn,3 are not used in the A-DMM model. Unlike Li et al. [30] , we use the same input parameters for both models for direct comparison.
The DMM does not consider the quality of the interface (e.g., bonding, roughness), which varies from sample to sample; therefore, we hold 34 constant and determined its value for each interface by fitting both DMM models to our RT TDTR measurements ( Table 2) Table 2 are very insightful. As expected, 34,jŽ• for the Ti/G and Ti/h-BN are identical for the A-DMM and PWA-DMM models. They are also similar order of magnitude (~10 -2 ) for 34,jŽ• at metal/graphite interfaces [15, 41a] reported in previous studies. We must point out that Schmidt et al. [15] assumed a sine-type (or Born-von Karman) [24] dispersion for metals and effective 2D Debye density of states [27] in graphite. Also, the velocities of each phonon polarization were lumped into a single, average velocity. Koh et al.
[41a] used a linear (Debye) dispersion for Au. 34,jŽ• for h-BN/G interface predicted by the PWA-DMM was nearly an order of magnitude larger than the value predicted by the A-DMM (see Table   2 ). The reason for this discrepancy is discussed below.
The ratio of 34 , calculated using the phonon irradiation (Equations 3 and 4) and the relationship 34 = 4 ( 3 + 4 ) ⁄ , to 34,jŽ• values in Table 2 is compared in Figure 4a . While Li et al. [30] makes an elastic assumption in determining 34 ( ), we assume inelastic scattering [48] in (Table 1) for the two branches correspond to Debye temperatures of 764 and 174 K, respectively, but the contribution from both remain constant above 200 K.
Conclusion
We have estimated the TBC at h-BN/G interface using a series thermal resistor network coupled with TDTR measurements at Ti/G/SiO2, Ti/h-BN/SiO2, and Ti/h-BN/G/SiO2 interfaces.
However, since h-BN and graphene have similar physical structure and acoustic properties the h-BN/G TBC may be increased by improving sample quality. We compare the phonon transmission using two forms of the DMM for anisotropic materials. , and Ti/h-BN/G/SiO2 values measured using TDTR. Error bars were calculated using a Monte Carlo method [18a] . G/SiO2 and h-BN/SiO2 data taken from references [43] and [44] , respectively. Ti/G, Ti/h-BN, and h-BN/G TBC values estimated using series resistance approximation. Table 1 : Input parameters for A-DMM and PWA-DMM models. The phonon velocities were calculated using the elastic constants for Ti , graphite , and h-BN and cutoff frequencies for each branch were determined from the published dispersion relations [31, 47] . The wavevectors, mn,3 and mn,4 , frequencies mn,3 and mn,4 , and phonon velocities mn,3 and mn,4 , for TL2 branch were determined using the analysis of Li et al. [30] . 
